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2ABSTRACT
The effect of swirl on the mixing of two gas streams of the same
density in coaxial annular geometry has been examined. The flow is
studied via a fluorescent tracer, 2-3 biacetyl. Through direct excita-
tion, collisional excitation, and collisional de-excitation of the
tracer, the turbulent transport, molecularly mixed and unmixed regions
in the flow are visualized. A three dimensional structure flattened in
the azimuthal direction is observed. It is suggested that this structure
is the result of the growth of the unstable azimuthal modes as limited
by a turbulent eddy viscosity.
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CHAPTER 1
INTRODUCTION
The thorough mixing of two fluid streams is a phenomenon of great
technical importance. There are numerous examples where the mixing
process plays a key role. In chemical lasers, the amount of output
radiation depends on how much the gases react which in turn depends on
how effectively they mix. Good mixing of fuel and air is essential for
efficient combustion. The time taken to cool a hot gas by a cold one
depends on how well they mix. While the final stage of mixing is done
via molecular diffusion, turbulence facilitates the process by breaking
up the interface into eddies and blobs of fluids engulfing each other
thereby increasing the contact area where molecular diffusion takes
place. Most practical combustion and reaction systems depend on such
turbulent enhancement of diffusion. In some cases, the turbulent
diffusion in the interface of two parallel streams does not produce
sufficiently rapid mixing so that the mixing must be enhanced by other
devices such as by adding swirl to the flow. The purpose of the present
investigation is to study the mixing between two coaxial swirling
streams in an annulus.
Attempts to elucidate the physics of swirling flow date back to
Lord Rayleigh (1916) who recognized that the imbalance of the centri-
fugal and Coriolis forces can cause divergent fluid motion. He deduced
that the flow would be unstable if the square of the angular momentum
of the flow decreases radially outwards. Therefore with asuitable swirl
arrangement, we may introduce large scale instability in the flow and
cause rapid mixing. Our purpose here is to examine the effect of
6different swirl arrangements.
Of crucial importance to the engineering application of swirl
mixing is whether the large scale fluid motion set up by the swirl
instability significantly increases the degree of molecular mixing.
The latter is essential for chemical reaction. In their study of the
plane shear layer between nitrogen and helium, Brown and Roshko (1974)
observed that there are big eddies which entrain and mingle fluid
from both streams. However density measurement by an aspiration probe
inside these eddies showed density fluctuations almost equal to the
density difference of the two streams. These fluctuations indicate
molecular mixing is not thorough.
Up to now there has been little attempt to assess the degree
of molecular mixing in turbulent flows. The obstacle has been the
absence of a suitable diagnostic technique. Only recently did
Dimotakis and Brown (1976) study this aspect of mixing in a plane
shear layer with a water tunnel. They seeded one stream with an acid
and an indicator and the other with a base. The change of color of the
indicator would indicate chemical reaction and hence molecular mixing
(which is a prerequisite for the former). They found the processes of
entrainment and molecular scale mixing occurred in two almost distinct
stages with the latter happening much later.
While the Dimotakis and Brown experiment was successful in a liquid
medium, it has been difficult to perform a similar experiment in the
gas phase. Information on the molecular mixing of two gas streams
will be of great interest to practical applications such as gas
7turbine combustor and chemical laser designs. It can be argued that
molecular mixing in a gas medium should be different from that in a
liquid medium because there are orders of magnitude differences in the
3Schmidt numbers. ( The ratio is o 103.) Hence the study of the mole-
cular mixing of two gas streams is of intrinsic interest.
A recent development of an unique flow visualization scheme at
the NIT Gas Turbine Laboratory by S. C. Bates (1977) has rendered the
study of the molecularly mixed regions in a mixing layer between
gases possible. In essence the technique involves seeding the two
streams with a UV excitable chemical and a fluorescent tracer res-
pectively. The former is excited by an external UV beam which has
no effect on the latter. The excited molecules then collisionally
excite the tracer molecules with in turn phorsphoresce. Thus light
is only emitted from regions where molecular mixing takes place. The
details of the method are described in Chapter 2 and Appendix B.
8CHAPTER 2
FLOW VISUALIZATION
2.1 Introduction
Flow visualization has been an invaluable tool in experimental
fluid mechanics. While traditional probe measurements give valuable
quantitative information on the flow variables, flow visualization can
identify the overall flow structures more readily. This consideration
is especially important in flows which are of a statistical nature so
that it is difficult to reconstruct any coherent fluid motions that may
exist from probe data. Knowledge of the overall flow structure is
important in studying turbulent mixing because efficient mixing depends
crucially on the large scale eddies to transport the fluid elements
across the boundaries between streams.
The visualization technique used in this experiment is the one
developed by S. C. Bates (1977) at the MIT Gas Turbine Laboratory. It
is used here in studying the mixing between two swirling streams. The
novelty of the method is its ability to map out the molecularly mixed
versus the turbulently mixed regions. This is achieved through three
different modes of visualization: the direct excitation, the collisional
excitation, and the quenching modes. The technique is described in
detail in the cited reference. It is briefly repeated here for
continuity.
2.2 The Fluorescent Tracer Chemical
A fluorescent chemical, 2-3 biacetyl, is used to visualize the
flow. This is a yellowish liquid at room temperature with a fairly
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high vapor pressure (40 mm). Figure 2.1 gives its vapor pressure as a
function of temperature based on the Clausius Clapeyron equation. The
vapor can easily be introduced to seed the gas to be visualized.
2-3 biacetyl absorbs light from 350 to 460 mm. It fluoresces in
the blue and phosphoresces in the green. We are interested in the
latter which is about 60 times brighter than the former. The quantum
yield of the phosphorescence is about 15%.
2.3 Direct Excitation
In this mode of visualization, one of the gas streams is seeded
uniformly with the biacetyl. The flow region of interest is illuminated
by a thin sheet of light and the illuminated plane is photographed. The
image is a dissection of the flow at the illuminated plane. This method
has an advantage over the Shawdograph and Schlerein techniques, namely
the image is not formed as a result of the integrated effect on the
light along the line of sight, hence it is more adaptable for studying
three-dimensional flow structures.
For convenience let gas stream A be seeded uniformly with the
biacetyl and mixed with an unseeded gas stream B. Then under this mode
of visualization, a picture of the mixing region shows the spreading
out of A into B by the turbulent motion. This does not, however, tell
which are the parts of the flow region where A and B are molecularly
mixed.
2.4 Collisional Excitation
The optical arrangement is the same as the previous case but UV
light is used instead for excitation. Stream A is seeded with biacetyl
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and stream B with benzene. The biacetyl is insensitive to the UV while
the benzene is optically pumped. The essence of the technique is the
transfer of the optically induced molecular energy from the excited
benzene molecules to the biacetyl molecules via molecular collisions.
These same collisions are coincident with molecular scale mixing between
the two streams. The collisionally excited biacetyl molecules then
phosphoresce in the green and this radiation is recorded by the
receiving optics. The resultant picture is a map of the molecularly
mixed region in the flow.
The detailed kinetics of the energy transfer are considered in
Appendix B. It is shown in Figure B3 that the quantum output is approx-
imately proportional to the benzene concentration but is a step function
of the biacetyl concentration. Only a little bit of biacetyl is needed
to produce the phosphorescence. The amount of light output is insensi-
tive (actually decreases slightly) to increase of biacetyl partial
pressure over 0.1 mm. Thus the region of maximum light output of a
molecularly mixed region is skewed towards the side of higher biacetyl
concentration. This is illustrated in Figure 2.2 where we consider the
one-dimensional diffusive mixing of benzene and biacetyl.
2.5 The Quenching Mode
Just as the collisional excitation is a visualization of the
molecularly mixed region quenching is the visualization of the molecular
unmixed region. Here we seed Stream A with biacetyl and Stream B with
oxygen. The optical arrangement is the same as for the direct excita-
tion. In the molecularly mixed region, the oxygen molecules quench the
11
phosphorescence, hence the image recorded is the molecularly unmixed
region. In this sense we may "add" the collisional excitation pictures
and the quenching picture together to obtain the direct excitation
picture.
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CHAPTER 3
THE EXPERIMENTAL SETUP
3.1 The Tunnel and the Gas Flow System
Figure 3.1 is a scale drawing of the tunnel. Gases enter through
manifolds A and B and are distributed evenly over the cross-section by
the choking orifices on plate C. Then they pass through screen D, a
settling section to let the turbulence decay and a contraction to thin
out the boundary layer before they are turned by swirl vanes E and F
respectively. These vanes are adjustable over a range of turning angles.
However it should be noted that though the vanes can be set at the
arbitrary angles we want, the flow angles which resulted have to be
measured. There is not the freedom to set an arbitrary swirl profile.
There are two sets of F so that flows of the same or opposite swirls can
be studied. Of course the swirl vanes can also be taken out to give
straight flow. The swirling flows emerge to form a shear layer at the
end of the splitting cylinder G at H. Because oxygen in the air
quenches the phosphorescence of the flow visualization experiment, the
whole apparatus has to be vacuum tight so that it can be evacuated and
filled with the working gas before the experiment. The pneumatically
activated door I serves to keep the air out.
Figure 3.2 shows the centre body with the swirl vanes mounted on it.
Figure 3.3 shows the swirl vanes for the outer annulus flow. Figure 3.4
shows the partially assembled tunnel and Figure 3.5 shows the fully
assembled tunnel. The tracer gas used in the experiment, 2-3 biacetyl,
though not toxic, has a not so agreeable odor. The plastic "balloon"
in Figure 3.5 captures the flow from the tunnel which has a very high
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flow rate (O 105 cu ft/hr) but only lasts for 2 seconds (see Section 3.3
for details). Then the gas is allowed to discharge slowly into the lab
exhaust system. Also shown on Figure 3.5 are the five instrument ports.
They are two inches each apart with the first one three inches downstream
from the splitting cylinder.
The tunnel allows two independent gas supplies. There is the flex-
ibility to have in each stream, different gases (e.g., Helium and argon
to see density effects) and/or different axial velocities. The effort
here is to focus on only the effect of swirl, hence only a single gas,
nitrogen, is used. Figure 3.6 is a schematic diagram of the gas supply
system. Only one main supply of nitrogen feeds both streams. The flow
rates are regulated by sonic orifices and adjusted so that the axial
velocities of both streams are about 6 m/s at the test section for the
present experiment. Reynolds number based on annulus height is 4 x 104.
The seed flows are injected just after the main flow diverts into
the two branches. In all the experiments that follow, the inner annulus
flow (A in Fig. 3.1) is seeded with 2-3 biacetyl and the outer annulus
flow (B) is either not seeded (direct excitation experiment), seeded
with benzene (collisional excitation experiment) or seeded with air
(quenching experiment). All the seed flows are regulated by sonic
orifices. Both the benzene and biacetyl seed flows are derived from gas
cylinders of nitrogen at about 125 psi with the organic liquids inside.
These cylinders are heated to such a temperature that the vapor pressures
of the organic chemicals in the cylinders deliver roughly a 2 mm partial
pressure at the test section. It should be noted that the amount of
seed delivered at steady state depends only on the vapor pressure
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of the seed in the gas cylinder and not on the pressure of the nitrogen
as long as we have choking flow. The seeded flows go through a long
pipe (L/D v 120) before they go into the tunnel to ensure that they are
uniformly mixed. Figure 3.7 shows the gas supply system.
3.2 Input Output Optics
The input sheet of light is derived from an EG&G FX-38-C-3 flash
tube operating at 200 J. The duration of the light pulse at 2 KV
discharge is about 450 ps. The light is collimated by a slit and two
cylindrical quartz relay lenses into a thin sheet before entering the
tunnel. The width of the sheet is about 1 mm at the centre line of the
annulus and about 2 mm at either end. Lateral spreading is about 15*.
A Baird Atomic 2537 A interference filter is used to obtain the UV
beam for the collisional experiment. The filter efficiency is about 10%.
The line width is 200 A. The optical arrangement can be seen in Figure
3.8.
The light given out by the flow visualization experiment is very
dim. This light, after being collected by a Nikon f = 55 mm/1:1.2 lens,
goes through a green filter and falls on the input area of an ITT F4747
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microchannel image intensifier. The gain of this device is 2 x 10
The overall optical resolution of the system is about 4 line pairs/mm
of the viewed field. The output screen of the image intensifier is
contact photographed with Polaroid type 57 film (ASA 3000).
Because of the dim light, rather long exposures are required. The
exposure is controlled by gating the image intensifier. In the case of
the collisional excitation mode, about 750 ps of exposure is needed for
reasonable picture quality even at full aperture. However comparisons
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of direct excitation pictures taken with exposure times of 200 Ps (at
f 1.2) and 750 ps (at f 5.6) do not show any qualitative difference.
Therefore pictures of all three modes of visualizations are taken with
a 750 ps exposure time (but with different f numbers) for ease of compar-
ison. Based on this exposure time, motion blurring (about 4 mm) is the
limiting factor on the resolution of the flow field. Though we are not
able to look at flow structures down to the viscous length (about 1
mm), as far as large scale flow structures like gross flow instabilities
go, the above limitation is not severe.
3.3 Timing Control in the Experiment
The tunnel works in a blow down mode to conserve gas. Flow is started
by a pneumatically actuated valve from a reservoir of 12 gas cylinders
of nitrogen and lasts for two seconds. About 1 Kg of nitrogen is used
per run. A number of things have to be done in this two second period.
The time histories of the various events are shown in Figure 3.10.
Taking away the on/off transient, the flow is steady for at least one
second. This is illustrated in Figure 3.9 which shows the pressure at
the mixing pipes and the wall static pressure at the tunnel. The trans-
ient in the latter is due to the opening and closing of the tunnel door.
3.4 Hot Wire Measurements
The three components of the flow velocity at the test section is
measured by a triple wire hot wire probe (DISA type 55-P91) operating
in constant temperature mode. The details of the hot wire operation are
described in Appendix A. Time resolved data are obtained both by
radially traversing the probe and by having the hot wire at a stationary
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position inside the mixing layer during the 0.5 sec. steady state
period of the blow down. The signal from each wire is digitized in real
time and transferred into a PDP 11/10 minicomputer. After each run,
this data is moved from core to diskettes for permanent storage. The
system has a throughput rate of 40K samples per second. However the
overall bandwidth is limited by the storage capacity of the minicomputer
(%8.5 K words with operating system excluded). For 0.5 s of data, the
maximum sampling rate for each wire is % 5 KHz. A sampling rate of
4.7 KHz is used.
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CHAPTER 4
EXPERIMENTAL RESULTS
4.1 Introduction
To study the effect of swirl on the mixing of two gas streams, the
apparatus as described in Chapter 3 is run with various swirl config-
urations. Again we denote the flows by A (inner annulus flow) and B
(outer annulus flow) as in Fig. 3.1. The configurations are: A swirling
and B non-swirling (denoted by PO)*; A non-swirling and B swirling
(denoted by OM); both A and B swirling in the same direction (denoted
by PP); both A and B swirling but in the opposite direction (denoted by
PM) and finally as a reference, the parallel flow case with both A and
B non-swirling (denoted by 00). In all the tests, the axial mass flow
rates of both streams are kept constant.
The flow is studied via hot wire measurements and flow visualiza-
tions. In the latter only one picture can be taken in each run. Due
to the statistical nature of the flow, one picture can be very different
from another although the overall flow parameters such as geometry and
mass flow rate are identical. There is no intention here to have a
large number of pictures and to describe the flow field in an ensemble
average sense. The cost would be prohibitive and also it is difficult
to determine when a statistical stationary limit has been achieved.
Furthermore such an approach may not be useful because unconditioned
statistics will smear out the flow structures. Our effort is to study
*The codes are: first character describes the inner annulus flow and
second character describes the outer one. P stands for swirl in the
positive (clockwise) direction when viewed from downstream. M stands
for negative direction and 0 for no swirl.
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a modest number of flow visualization pictures and attempt an educated
reconstruction of the important flow features. The number of pictures
taken for each mode of visualization in each flow configuration ranges
from 3 to 18. When the flow was thought to be understood, relatively few
pictures were taken. More pictures were taken otherwise.
4.2 Hot Wire Data
Hot wire traverse measurements were made at five axial stations
numbered 1-5. The stations are two inches each apart with the first
one three inches downstream. The mean velocities as functions of radial
position are plotted in Figures 4.1 - 4.4 for the 00, PO, OM and PP
configurations. These velocities were obtained from a 128 point
moving average over the 2040 data points recorded during the 9 cm
traverse which takes 1-0.45 s. Thus the averaging is over %28 ms in the
time domain and %5.6 mm in the space domain. The swirl angles in the
swirling streams are I45 to 50*. These velocity profiles provide
useful information for the theoretical understanding of the flow since
the mean radial pressure gradient, which is crucial for the development
of large scale instability, depends on the mean stream line curvature.
The averaged velocities do not provide information on the flow
structure, but the original hot wire traverse signals do. Figure 4.5
shows replays of the digital recordings of the signals from hot wire
No. 3 on the triple wire probe for runs 00 and PO. These signals have
been linearized by the computer. The full trace represents a 9 cm
traverse of the hot wire probe radially outwards starting 1 cm from
the centre body. While the 00 case is rather uneventful, the turbulence
at the mid-annulus of the PO case increases and spreads considerably
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at stations 3 and 4. This will again be evident in the flow visualiza-
tion pictures.
Spectral analyses were performed on the signals from a hot wire
located at a stationary position within the shear layer. However due
to the short duration of data (0.5 s) the spectrum is rather "bumpy"
and no conclusions can be drawn from the spectrum.
The averaged velocities of the PM configuration are not shown.
This is because no meaningful results could be obtained from the
unscrambling of the hot wire signals as described in Appendix A. The
playbacks of the linearized signals from each wire of the triple wire
probe are shown in Figure 4.6. Very large velocity fluctuations are
present. The sawtooth patterns recorded by wire 3 at station 2 indicate
that there may be recirculating flow. At station 3 the flow had become
violently turbulent throughout the annulus.
4.3 Flow Visualization
All the flow visualization pictures of this Chapter are dissections
of the flow field in a radial plane parallel to the axial direction
(Fig. 4.7). The image is circular because of the shape of the output
screen of the image intensifier. There are two white dots on the upper
right hand corner of each picture. They are burned out phosphor on the
image intensifier and may be used for alignment. The gain of the image
intensifier is spacially non-uniform. It is considerably lower near the
edge of the screen and the image is dimmer there. This distortion is
further aggrieved by the fact that the intensity of the excitation light
beam falls off laterally from the centre. All these anomalies, while
not serious, should be mentally factored out in the interpretation of
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the pictures.
Shown in Figure 4.8 are pictures taken with the three different
modes of visualization from the 00 case. The leading edge of each
picture is 5 cm downstream of the splitting cylinder. This non-swirling
case serves as a reference for comparison with the other swirling config-
urations. The inner annulus flow appears as the lower part of the image.
From the velocity data in Fig. 4.1, there is about 1 m/s difference in the
axial velocities between the two streams. The flow is rather quiescent.
The direct excitation and the quenching pictures do not show any large
excursions of fluid from one stream to the other. The molecularly
mixed region shown in the collisional excitation picture is about 1 cm
thick. This mixing is largely due to the mixing out of the splitting
cylinder wake.
Figure 4.9 are the same pictures taken further downstream. The
interface is more contorted but there is no large scale fluid excursion.
The molecuarly mixed region stays pretty much the same as in Fig. 4.8.
The two streams are essentially unmixed.
Figures 4.10 and 4.11 are the corresponding pictures of the PO
configuration. (The inner annulus flow is swirling and the outer one
is not.) Unlike the 00 case, the direct excitation picture of Fig. 4.10
clearly shows the spreading of the seeded flow. The spreading half
angle is about 20*. Further downstream (Fig. 4.11) large scale
instabilities develop. The structure of these instabilities will be
discussed in detail in Chapter 6.
Figures 4.12 and 4.13 are pictures from the OM case. (Swirling
outer annulus flow and non-swirling inner one.) Unlike the PO case, no
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large scale instabilities develop. The structure of the mixing layer
in the OM case is also different from that of the 00 case. Comparing
Figs. 4.9 and 4.13, the interface of the OM case is much more diffuse.
There seem to be some short wave length fluid motions at the interface
which enhance mixing on a fine length scale. This is especially evident
in the direct and collisional excitation pictures of Fig. 4.13.
The PP case is shown in Fig. 4.14 and 4.15. Both streams are
swirling in the same direction. The lower parts of the pictures in
Fig. 4.15 have been cut off by the window frame of the tunnel. Again
large scale instabilities develop downstream. Comparing Figs. 4.10
and 4.15 instabilities grow slightly more rapidly in the PP case than
in the PO case. Also the collisional excitation pictures show quite
different structures.
Figures 4.16 and 4.17 are from the PM configuration. Again the
lower part of the pictures are cut off by the window frame. In concord
with the hot wire data of Fig. 4.6, the two streams are violently mixed
by the turbulence. To study the initial development of this mixing
process, a 2.5 " extension was added to the splitting cylinder so that
the region where the two streams exit to mix is within the field of
view of the camera. Figure 4.18 shows the pictures taken with this
arrangement. The reflection of the splitting cylinder is visible.
(This reflection is not seen in the collisional excitation picture
because UV light is used.) The onset of cross transport of large lumps
of fluid from one stream to another as marked by a and b in the direct
excitation and quenching pictures appears to happen abruptly.
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4.4 Discussion
The observations in the last section indicate that swirl does
have a pronounced effect on the mixing of two streams. The results show
that large scale flow instability can occur. All the swirl configura-
tions tested were unstable except for the OM case. The comparision
between the PO and OM configurations is particularly illuminating
because they are very much identical. The shear and the Reynolds
numbers are the same. Just reversing the swirl arrangement makes the
flows behave completely differently.
The instabilities observed are consistent with the hydrodynamic
stability theory of swirling flow. The balance of the centrifugal
and Coriolis forces indicate that the flow is stable or unstable
according to whether
d 2
--- (vr)dr
is greater or less than zero. v t 1/r is neutrally stable. Loosely
speaking, if the angular momentum increases outwards, it is stable.
This is the configuration in the OM case.
In the stable swirl configuration, it is known that the flow can
support a lot of wave motions (inertial waves). These waves have a
beneficial effect on the degree of molecular mixing of the two streams
at the interface by producing fine scale agitations in the fluid. This
can be seen by comparing Figs. 4.9 and 4.13. The stable swirl case
(Fig. 4.13) has a much better molecular mixing.
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CHAPTER 5
STRUCTURE OF MIXING IN A SWIRLING FLOW
The detailed flow structures of the PO configuration are examined
in this Chapter. This particular flow configuration was chosen to study
because observations in Chapter 4.of such a flow do show development of
large scale instability and this instability can be reasonably well
understood through the concept of inertial instability. (Here the
angular momentum of the fluid definitely decreases radially outward.)
We shall focus on the behavior of the fluid motions as a result of the
instability, especially on their three-dimensional aspects. This is
achieved by photographing dissections of the flow both in a plane
parallel to the tunnel axis (Fig. 4.7) and in a plane perpendicular to
the tunnel axis (Fig. 5.1) . In the latter case because of geometric
limitations, the line of sight is no longer perpendicular to the plane
being viewed.
Figure 5.2 shows pictures taken by three modes of visualization
for the PO configuration. The viewed plane is parallel to the tunnel
axis. The leading edge of each picture is 15 cm downstream of the end
of the dividing cylinder. Again the inner and outer annuli appear as
the lower and upper parts of the image. These photos were taken under
identical flow conditions. The random nature of the fluid motion
is apparent from the differences among the pictures.
There do exist similarities. The scale lengths of the flow
structures are about 0.5 x annulus height in all of the pictures. The
mixing consists of intermittent radial movements of lumps of fluid from
one stream to another (Figs. 5.2a,h). These fluid injections may bend
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forwards (Fig. 5.2b) or backwards (Fig. 5.2c) and entrain fluid from
the free stream. They may also accumulate at the walls of the annulus.
The quenching pictures of Fig. 5.2g and i seem to indicate this effect.
It will be more apparent in the visulizations dissecting the flow
perpendicular to the tunnel axis. The collisional excitation pictures
show periods of quiescence (Fig. 5.2f) and activity (Fig. 5.2e).
Intermittency was also observed in a similar experiment with plane
shear layer by S. Bates (1977), although the nature of the flow was
different from the present case. It appears that intermittency
which has been known to be a prominant characteristic of turbulance
near a wall (Kline et al 1967) is present in a mixing layer as well.
Figure 5.3 shows collisional excitation photos taken with the
input beam dissecting the flow perpendicular to the tunnel. The plane
viewed is 18 cm downstream of the splitting cylinder. The line of
sight is about 450 to the tunnel axis. The outer and inner annuli
appear as the upper and lower part of the photo. For the PO case, the
swirl of the lower part of the photo appears clockwise. The lateral
length of the input light beam is about 3 inches. In this figure,
the PO configuration is compared with the 00 configuration. In the
latter the image obtained from collisional excitation appears just
as a thick circular arc. In the PO case the flow structure is dras-
tically different. The feature here is the presence of narrow bands
of molecularly mixed fluid. These bands orient radially with a slant
towards the swirl direction. This is because of the differential
convection by the different. tangential velocities over the radius.
25
These banded structures are easily identifiable. They were found on
all the pictures taken of this kind. Figure 5.4 shows more examples.
The bands in Fig.5.4a are especially prominent. In Fig. 5.4c the
band of molecularly mixed fluid reaches down to the center body and
accumulates there.
The corresponding direct excitation and quenching pictures are
shown in Figs. 5.5a and b. The reflection of the input beam on the
center body is visible. It appears thick because of the overexposure
of the image intensifier and film. The structures are consistent with
those of the collisional excitation. The quenching picture shows
that the molecularly mixed fluid has transported down to the center
body while it is still unmixed in some places at mid-annulus.
If we put together the two views of the flow (Figs. 5.2 and
5.4-5), a three-dimensional picture emerges. The cross transport of
the fluid occurs as eddies which are longitudinally about the size of
0.5 x annulus height (r\'2")' and azimuthally narrow (\.0.5"). They may be
spiralling in the annulus but this cannot be inferred form the data.
The collisional excitation photos indicate that molecular mixing is
good within these eddies.
The spacing between the molecularly mixed bands happens to be of
the same order of magnitude as the blade spacing of the swirl vanes.
However circumferential hot wire traverses 3 mm downstream of the
splitting cylinder show that the blade wakes have been completely mixed
out. Therefore the observed structure should not be a wake effect.
The existence of an azimuthal structure could be expected from
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stability theory. It is pretty well established in linearized stability
theory (see review in Chapter 6) that in swirling flows the azimuthal
modes are the more unstable one.
Azimuthal structures have earlier been reported in other experi-
ments involving inertial instability. In the study of a swirling jet
discharging into ambient air, Falco (1977) photographed an illuminated
plane of the smoke visualized flow perpendicular to the jet axis. He
found that at 6 diameters downstream the jet developed into 2 to 6
azimuthal large lopes. (Azimuthal number m v 2 to 6). In the present
case which is the mixing of a swirling jet with a co-flowing non-
swirling one, the azimuthal wave length based on the structures observed
in Figure 5.5 is about two inches. The mean radius of the annulus is
6 inches. Therefore m ' 2Tr x6/2 = 18. The two experimental conditions
are very different. However both are subjected to swirl instability
which manifests itself as large azimuthal structures.
The existence of an azimuthal structure has importrant implications
in swirl combustor design. Most existing correlations and models of
swirl mixing processes are simplified as axisymmetric. Although they
may represent the correct overall result in situations under which
the model is calibrated, their generality should be questioned because
mixing in swirling flow is dominated by the above three-dimensional
process.
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CHAPTER 6
LINEARIZED STABILITY ANALYSIS
6.1 Introduction
To assess the stability of a system we attempt to determine whether
a perturbation of its initial state relaxes or grows. If only small
perturbations are considered, linearized stability analysis applies.
While the large flow structures we observed in Chapter 4 would lie out-
side the scope of any linearized analysis, it is fruitful to look at the
behavior of small disturbances in the initial stage of the instability
where disturbance velocities are still small. The purpose of a small
disturbance theory is not to give a quantitative description of the flow
field, as it is well known that non-linear effects come in very fast,
but to illustrate the important processes that govern the initial
growth of the disturbance. In particular we would like to find out
whether the azimuthal structures observed in Chapter 5 -are due to the
growth of a most unstable mode, and can thus be predicted by a linearized
analysis.
Stability analyses on swirling flows date back to Lord Rayleigh
(1916) who deduced that circulation must increase with radius for stabi-
lity. In the last decade, linearized stability analyses on swirling
flows have been extended to include the effects of axial flow, viscosity,
compressibility and stratification. Howard and Gupta (1962) considered
an inviscid incompressible flow with arbitary tangential velocity profile
V(r) and axial velocity profile W(r). For axisymmetric disturbances
the sufficient condition for stability is that the Richardson number
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Ri = 1/W,2  (6.1)
should be greater than 1/4 everywhere. Here 'D is the Rayleigh quotient
i d 2I = (Vr)2
3 dr
r
For nonaxisymmetric disturbances, however, they were not able to arrive
at any conclusive criterion.
Pedley (1968) considered the stability of a solid body rotation
(V = Or) with axial flow. The flow is inviscid and incompressible.
In the limit of small Rossby number e , he reduced the equations to a
Sturm Liouville system and deduced that a necessary and sufficient
condition for stability against arbitary disturbances is
k - ) < 0 (6.2)
m m 20r
everywhere. Since the axial and azimuthal wave numbers k and m can be
positive or negative, the above condition is always violated for
W'# 0 with a suitable k/m. Therefore, in the small e limit, while the
solid body rotation flow is stable to axisymmetric disturbances accord-
ing to (6.1), it is always destabilized by an axial velocity profile for
a non-zero m.
In the same paper Pedley also calculated the instability growth rate
for a rotating pipe flow with W % 60 (1 - r 2). He found that the most
unstable mode is the one with m = 00 and kr0/me -1. In this limit
max
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Pedley (1969) included viscosity in his calculation for small e.
Viscosity was found to have a stabilizing effect. In general the presen-
ce of viscosity can introduce instability associated with a "critical
layer".. However the critical Reynolds numbers Pedley obtained are so
low that this mode of instability is unlikely. The critical Reynolds
number is R = 82.9 for rotating pipe flow. The most unstable mode
has m = 1 at this Reynolds number. As R increases, the azimuthal wave
number of the most unstable mode also increases. In the inviscid limit
the most unstable mode has m = o.
Maslowe (1974) considered the same flow as Pedley (1968) but-
with finite Rossby number. He found that a neccessary condition for in-
stability is the real part of the Fourier Transform of the convective
operator A (=kW(r) +m2 -w) should vanish somewhere in the flow. For
a rotating pipe flow he calculated numerically the growth rate .
max
of the most unstable mode (max. over k) for m = -1 and -4 as a function
of E. He found that w. peaks at e 0(1) and decreases slowly with
max
increasing c. The asymptotic limit is of course w. + 0 as C +00
max
since non-rotating Poiseuille flow is linearly stable.
Pedley (1969) pointed out that this swirl flow instability is an
inertial one if viewed in a local coordinate system aligned with the
disturbance wave vector. Then the unstable situation has a negative
component of vorticity parallel to the wave vector everywhere.
With the current interest in centrifugal isotope separation of
Uranium a lot of work has been done on the effect of compressibility
on the stability of swirling flow. In general compressibility has
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a stabilizing effect on the flow. Howard (1973) obtained sufficient
condition for stability of an inviscid compressible swirling flow
with axisymmetric disturbances. This was later generalized for non-
axisymmetric disturbances by Lalas (1975). The criterion is
N2
2 > 1/4
W' + (V' - V/r) -
where N is the Brunt Vaisala frequency.
Neccessary and sufficient conditions for stability was also derived
by Gans (1975). However his criterion is only valid in the asymptotic
2
sense that V = Qr + O(C ), and k/m,M,W,W' and 0 O( s ) with 6 << 1.
Hultgren (1978) relaxed the restriction to V = Qr + 0( s ) and only
required N to be small.
The above review indicates that only in situations with near solid
body rotation and / or small Rossby number can one make general state-
ments on the neccessary and sufficient conditions for stability. From
Fig. 4.2 - 4 the azimuthal velocity profiles of the present experiment
are very much different from solid body rotation. Therefore the
eigenvalue problem in each case has to be solved numerically to
determine the stability behavior.
There are two ways of solving the eigenvalue problem. The first
way is to use the method of "shooting". Here the eigenvalue problem is
considered as a two point boundary value problem. With a guessed eigen-
value w, the differential equation can be integrated from one end point
(since the differential equation and boundary conditions are homogeneous,
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the starting value of the slope for integration can be arbitary). In
general the boundary condition at the other end point will not be
satisfied. Then w is varied until the boundary condition is satisfied.
This technique has been used successfully by Maslowe (1974), Plobeck
(1975) and Hultgren (1978) for cases involving near solid body rotation.
Good accuracy can be acheived. The success of the technique depends
on the proper choice of the initial guess of w . This is especially
important for large wave number because then the forward integration
is very sensitive to W.
Another way is to use an integral method such as the Galerkin
method (Kantorovich and Krylov 1964). While the accuracy is not as
good as for the previous method, the Galerkin method has the advantage
of not requiring iteration on the eigenvalues and hence is numerically
efficient. Such a method is used here. It is described in the next
section.
6.2 Analyses
The equations describing the eigenvalue problem for stability
analysis of an inviscid incompressible swirling flow are well known.
A convenient starting place is equation 18 of .Howard and Gupta (1962)
2 d r d 2 d r 2mV
S ~ 2 2 2 ~(ru) -u X + Ar ~ 2 2 2 (2 3dr m +k r dr .dr m +k r r
2 2d2 k (rV) -mw' = 0 (6.2)
m + k r dr
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where
A = kW(r) + mV(r) - (6.3)
r
k and m are the axial and azimuthal wave numbers. V(r) and W(r) are
the arbitary swirl and axial velocity profiles. If
U
is used as variable and the equation is rearranged in powers of w, the
equation becomes
W2b0 + Wb1 + b2 = 0 (6.4a)
where
bo= goz' + 2g3 z - gO
2
b 1 = g O g2y - 2az)' - (glz + flg3) + 2agoy
- g2 ay)' + glf1 + g 21 gOg 4y
m2/r + k2
22mVm(:- 2
+ 2 k2
r r
2 z
b* = g (a z
g9 -
2
r
2mV
2 2
r
2m
2
g>3 ~3
r
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2V(V' + V/r) - 2
4 r
f = a(y' +)- 2MVy_Sr 2
r
Z = y' +
r
a = kW + -M__
r
The boundary conditions are
y = 0 at r = R and R + h (6.4b)
The Galerkin method consists of substituting for y a linear combina-
tion of known functions satisfying the essential boundary conditions. Thus
N
y(r) a i (r) (6.5)
where {.} is a complete set and
i (R) = (R+h) = 0
The particular $ 's used are
= sin(i h ) (6.6)
The residual of substituting (6.5) into (6.4a) is made to be ortho-
gonal to all the $'s, obtaining N equations for the N unknown a 's. Thus
[ 02B + B 1 + B 2 ][A] = 0 (6.7)
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where A is the N vector consisting of the a 's and the B matrices are
R+h[Bk ipj = 4ibk (j).) dr (6.8)
W will be the eigenvalues which made (6.7) singular. In the evaluation
of (6.7), all the second derivatives should be lowered to the first by
integration by parts.
The quadratic algebraic eigenvalue problem (6.7) is solved by
completing squares. The orthonormal nature of the # 's in (6.6) makes
B0 diagonally dominant and well conditioned. Therefore we can multiply
00(6.7) by B01 and obtain
[W2I +WC 1 + C0 ][A] = 0 (6.9)
where I is the identity matrix and
C =B Bk 0Ok
(6.7) is rearranged as
C 2 C2
(oI + - C2 A = 0 (6.10)
If
C 1 A= A (6.11)
and 2
L - C ) A = ,A (6.12)
2
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where n and are the eigenvalues of the matrices involved, then the
eigenvalues of the system are
TI + (6.13)
and the eigenvectors are given by the eigenvectors of (6.12).
6.3 Results of Calculation
Calculation is done with the trial function being the first eight
*
terms of a sine series [i=l to 8 in (6.6)]. R is 0.05 and h is 0.1.
Before going on to use the experimentally measured velocity profiles
V(r) and W(r), the calculation procedure is verified by calculating a
solid body rotation-flow with
V(r) = Or W = const.
and m = 0. In this case the exact solution is known in terms of Bessel
functions
u(r) - J 1([k2( - 1) r] +Y( )
From this expression, X, hence W can be determined from the boundary con-
dition (6.4b). The result is shown in Table 6.1. Agreement is within
one percent.
Tables 6.2 and 6.3 show the eigenvalues of the same flow for m = 5
and 100. It is known that such a flow is linearly stable to all
*
SI units used throughout
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disturbances. Only in two of the eigenvalues in the m = 100 case is
there a small erroneous imaginary part in the eigenvalue. The accuracy
of the numerical calculation is therefore satisfactory.
Figure 6.1 to 6.3 show the results of the calculation with the
velocity profiles for V(r) and W(r) as measured at station 1 (3" down-
stream of the splitting cylinder). If the eigenvalues are substituted
back into (6.4), the average local residual defined by
2
1 R+h w b + wb + b
h R 0 1 2 dr (6.14)
is less than 1% in all cases. Here the b.'s are evaluated as
J
b (y) = b (Za i)
with the a.'s from the corresponding eigenvector.
The results show that in all the cases investigated the flows
are unstable with growth rates increasing with m. This is not surprising
since the experience of linearized stability analysis indicates that the
azimuthal modes are the most unstable ones.
That the growth rate increases with the azimuthal wave number
would mean that an inviscid linearized analysis does not provide an
azimuthal wave length selection mechanism. Pedley (1968) also found
that w. is maximum at m =o for a rotating pipe flow. However if visco-
sity is included in the analysis the short wave length disturbances
should be damped out and there would be a finite m where w. is maximum.
Pedley (1969) included viscosity in his analysis of a rotating pipe flow
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with the results shown in Table 6.4. They indicate that W, peaks at
m 'v R/100. Although the present experimental conditions do not
coincide with his analysis we may still use his result as a rough
guide. The Reynolds number of the present experiment. (based on axial
velocity and mean radius) is 4x104. Therefore according to Pedley's
result the most unstable m value due to viscous effects is , 400. The
observed value of m (Chapter 5) is ' 18. Clearly laminar viscous
effects are not controlling.
The situation is different if instead of the laminar viscosity
V z we put in instead a turbulent viscosity vt which is usually much
larger than v . Then R would be lower and we may obtain the correct m
as observed . Alternatively we can turn the problem around and ask
based upon the observed m=18 and the formula m ' R/100 what should vt be.
A simple calculation yields Rt = 1800 and vt u 20 v . If we take
Vt% q 2 /V'where q is the velocity fluctuation due to turbulence and
-5 2 -l
vz = 1.5x10 m Is, for V '\, 600 s we arrive at q nu 0.4 m/s. This is
about the level of turbulence observed in figure.4.5.
This was pointed out by J. E. McCune, private communication.
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CHAPTER 7
CONCLUDING REMARKS
7.1 Brief Summary
The effect of swirl on the mixing of two gas streams of the same
density was examined by studying flows with different swirling config-
urations. The two streams were mixed in a parallel coaxial annular
geometry with the flexibility of controlling the swirl of each stream
before it mixed with the other. Several permutations of swirl arrange-
ments were examined - swirling the inner stream and not the outer and
vice versa; swirling both streams in the same direction and in the
opposite direction; and as a reference, the parallel flow case with no
swirl. The axial mass flux was kept constant. The swirl angles are
about 45 to 50*.
The flows were diagnosed by three visualization techniques. One
of the streams was seeded with a fluorescent tracer chemical. Through
direct excitation, collisional excitation, and collisional de-excitation
(quenching) of the tracer the turbulent transport and the molecularly
mixed and unmixed regions were visualized.
Experimental results indicate that except for the case with no
swirl in the inner stream and swirl in the outer stream, all swirling
cases are unstable. While the PM* case quickly turns into violent
turbulence, instabilities in the PP and PO configurations are manifest
as intermittent large radial cross stream fluid excursions.
In the stable swirl configuration (OM), the interface is diffuse
with good molecular mixing. This is due to the fine scale agitation of
*See Chapter 4 for code designations.
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of the interface by the inertial waves.
The large scale "eddies" of the PO configuration were studied by
visualizing dissections of the flow in planes both parallel and perpen-
dicular to the tunnel axis. The flow structures are highly three-
dimensional. The "eddies" appear as discs which have longitudinal
length "-0.5 x annulus height and are flattened in the azimuthal direc-
tion. Molecular mixing inside these eddies is good.
A linearized analysis was done to assess the stability of the
different swirl configurations. The experimentally measured velocity
profiles were used in the calculation. All the swirl configurations
were found to be unstable. While an inviscid small disturbance
analysis does not provide an azimuthal mode with maximum growth rate,
it is suggested that the azimuthal structures observed cross-stream
can be explained by a turbulent eddy viscous damping effect.
7.2 Suggestions for Future Work
There are a lot of parameters in this experiment the effect of
which should be explored. Examples are: varying the degree of swirl
in each swirling configuration, putting in an axial velocity difference
and using gases of different densities in the two streams. The last
one is especially interesting because the effect of swirl can be
regarded as the presence of a pseudo-gravity field, therefore density
stratification should have a major influence. Argon and helium can be
used to obtain a density ratio of one to ten. Such an experiment would
be valuable in relation to the mixing of the hot combustion product
(the lighter gas) with the cooling air (the heavy gas).
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APPENDIX A
HOT WIRE OPERATION
A.1 Introduction
Basically a constant temperature hot wire is a heat transfer device
which measures the amount of heat transferred to the wind and infers
the wind velocity. Thus the "cooling velocity" is roughly all the vel-
ocity components perpendicular to the wire. If we have three wires set
up in space like in a triple wire probe, in principle we can unscramble
the three independent signals from the wires to find the three velocity
components. In practice it requires a lengthly calibration process and
also there are regions of colinearity where velocities are not very well
resolved.
A.2 The Anemometer
Figure Al illustrates the principle of operation of a constant
temperature hot wire anemometer. The wire resistance R is kept constant
w
by the feedback loop. Since linear thermal coefficient of resistivity
is assumed, the temperature of the wire is constant. The square of the
output voltage E is proportional to the heat transfer, which is related
to the windspeed. One measure of performance of an anemometer is how
well it keeps Rw constant. This is shown on Fig. Al. It should be
noted that as long as the amplification A of the amplifier remains high,
offset and gain drifts are unimportant. Figure A2 is a schematic
diagram of the anemometer used in the experiment. The -3db point of
its frequency reponse is about 30 KHz.
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A.3 Speed Calibration
A full calibration of the triple wire probe would involve having
the wind incident on the probe at different orientations and at each
orientation, calibration over the whole speed range. This tedious
process is somewhat simplified if we assume the directional response of
the probe depends only on geometry and is only a weak function of wind
speed, hence seperating the speed calibration of each wire from the
directional calibration.
The speed calibration process goes as follows. For each wire, the
probe is set up in the wind tunnel so that the output from the anemometer
is at maximum. This ensures the wind is perpendicular to the wire. The
anemometer output is then calibrated against the wind speed of the
tunnel for the speed range of interest.
Before we go on to the directional calibration, it should be noted
that the probe is going to be used in nitrogen. In principle we could
have calibrated the probe in a nitrogen tunnel. In face of lengthly
directional calibration process, it is much easier to use an air tunnel
and rescale the result to be used in nitrogen. The scaling law used is
Nu = A + B Re0.4 5
which, when translated in experimental terms, is
V2 0.45
= A + B( U
kAT P
where V is the voltage output of the anemometer and A,B are constants.
The density p, viscosity p and thermal conductivity k of the gas are
evaluated at the mean temperature of the wire and the ambient. This
scaling law is verified by calibrating wire No. 1 on the triple wire
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probe in air, nitrogen and argon. The result is shown in Fig. A3.
Agreement is very good.
A.4 Directional Calibration
We need a model for the directional response of the triple wire
probe independent of wind velocity. The calibration procedure estab-
lishes the parameters of the model.
The number of parameters in the model has to be decided upon. At
first it was thought that six is enough, since it only requires two
angles to establish the orientation of each wire. However the output
from the wires are different when the probe is rotated through 180*.
This is attributed to the fact that each wire may not be lying on a
radial plane from the stem. So in order to properly locate each wire,
we need six parameters for each wire (effectively the coordinates of the
two end points).
Let q , i = 1 to 3, be the wind speed as seen by each wire (i.e.,
the number got by taking the anemometer output and applying the voltage
to speed conversion from the speed calibration). Then
2 2q = [u - u - (b- a )]
where u is the wind velocity and b and a are the end points of each
wire. This is a quadratic relation between q and u and may be cast as
Q = AU
where
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2
u1
2
[21 U2,
1q1  2
Q [= 2 and U -
U 2U 3
u u
A is a 3 x 6 matrix. The model we used is
Q = AU + B (Al)
Since the speed calibration is done for wind direction normal to the
wire only, a 3 x 1 vector B is put in to account for the cooling due to
the component of velocity parallel to the wire. (Actually, to model
this cooling, B should be dependent on the windvelocity but it turns
out that just using a constant B fits the data well.) We have to
identify the 21 parameters in A and B.
The calibration consists of taking the anemometer output with the
probe oriented at different directions in the wind tunnel. Two wind
tunnel speeds are used (5 and 9 m/s). All together 126 data points are
taken to fit the 21 parameters for each calibration run. The least
square fit procedure goes as follows:
We want to find A and B to minimize
T
i=l
where i indexes the different data points. Taking partial derivative of
L with respect to A and B and equating them to zero we obtain
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A = [(U.U T - EU.EUT1(EQ U T 1i N ' i i N i
(A2)
B = - (EQ. - AEX.)N i
Figures 4 to 6 show the results of the fit. There are small regions
where the model gives a negative q . These are forced to zero by the
computer program. The fit in general is very good. However note that
the difference of anemometer output for e = 30* and e = 45* is rather
small. What this means is that the determination of the radial velocity
in the experiment may be inaccurate.
A.5 The Inverse Problem
In the experiment, we measured Q. Our problem is to find u =
(u ,u2 ,u3 ) to match Q in (Al). This is done by a first order gradient
search routine, making use of the fact that from (Al),
[acjk= 2[C ] jku
where
a a i4/2 a i6/2
[C ]j,k = ai4/2 a12 ai5/2
ai6/2 ai5/2 ai3
i = 1,3
The a 's are the elements of A. Summation convention is used.
A.6 Drift
The cold resistance of the wire drifts. The averaged drift is
about 6% per 20 hours of operation. It cannot be explained by the
45
oxidation of the wire as operation is in nitrogen. Nor can it be due to
particle inpingment on the wire since the flow is derived from bottled
gas and is virtually dust free. A plausible explanation is the deforma-
tion of the soft solder joint which bonds the wires to the prongs.
Remedies ranged from resetting the anemometer to maintain the same over-
heat ratio and rescaling the voltage reading with the new resistance set,
to interpolating the calibration coefficients between speed calibrations.
None of them worked. The final solution is to have a full calibration
on each day the experiment is run.
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APPENDIX B
PHOTOCHEMISTRY OF THE BENZENE, 2-3 BIACETYL SYSTEM
B.1 Introduction
Flow visualization of the reactively mixed regions makes use of the
fact that 2-3 biacetyl is not excited by UV at 2537 A but benzene is.
The excited benzene molecules excite the biacetyl molecules when they
come in contact with them. The collisionally excited biacetyl molecules
then phorsphoresce in the green and is photographed by the receiving
optics. The details and kinetics of the various processes are considered
in this Appendix leading to a map of the quantum output versus the
benzene, biacetyl concentrations.
B.2 The Process in Detail
Table Bl shows* the state transitions both within and in between
the benzene and biacetyl molecules. The processes are simplified some-
what by not distinguishing between the various vibrational levels of
each energy spin state. These transitions shown are energetically
possible. However some of them will be ruled out on other grounds. The
source of information is from Ishikawa and Noyes (1962).
Experimental evidence indicated that (9) is not important and no
1B is formed. Hence we can also rule out (10), (13), and (14).
For biacetyl partial pressure greater than 0.1 mm, (6) dominates
over (5). However (5) is important for low B concentration, since in
absence of (6) there must be some mechanism for the distruction of the
*The notation is, B stands for biacetyl and HPh stands for benzene (with
Ph as the phenyl group). BII stands for the second excited singlet
state of biacetyl, etc. M stands for any foreign molecules such as the
nitrogen in the experiment and the tunnel walls.
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3HPh state.
Process (15) is assumed to be unimportant because were it of any
importance, there would not be any phorsphorescence at all since the
diluent (nitrogen) is so plentiful.
The kinetic rate of (8) is unknown. In the following calculation,
we tried two values, zero and infinite. Turns out the latter fits the
data of Figure B2 better. The results reported here are for k = infinite.
8
B.3 Calculation of Quantum Output
With the above consideration, a set of differential equations can
be written to describe the kinetic processes (for B partial pressure
greater than 0.1 mm).
d [HPh] = k2 [HPh][HPh] + k3 [IHPh] + k6 3HPh]IB] + k [HPh][B]
d 'HPh] = -k2[1HPh][HPh] 1 - k HPh - k [1HPh][B]
-~l k[Hh k[Hh] k[HPh][B]
- ] = k[1HPh] - kb[ 3HPh][B
[B] = -k6 3HPh][B] - k7[1HPh][B] + k 3B'] + k 2 3B 
d3 I = k6 [3HPh][B] - (k + k2 3B 
dfhv] = k [3B ]dt 11
The last equation gives the quantum output. The initial condition is
that at time zero, all the benzene molecules are excited by the flash
light to their singlet states and (1) is completed. The equations are
integrated forward in time until all the singlet states of benzene are
deactivated.
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The system of equations is very stiff. The largest negative
eigenvalue of the Jacobian matrix is about 108 (when quantities are
dimensioned as in Table Bl). A numerical matched asympotic expansion
process is used. The strategy goes as follows. First find a linear
transformation of the dependent variables so that the local Jacobian
matrix is diagonal. Next integrate forward with a time step roughly
equal to the inverse of the largest absolute value of the eigenvalues
until the fastest transformed dependent variable becomes stationary.
Then the equation for this fastest variable is thrown away and the
remaining system can be integrated with a much larger time step.
For biacetyl partial pressure less than 0.1 mm, we assume the
quantum output to be linearly proportional to the biacetyl concentration.
This is supported by the experimental data of Figure B2 which is
reproduced from Ishikawa and Noyes (1962).
The result of the calculation is presented as a contour part of
quantum output versus benzene and biacetyl partial pressure in Figure
B3. For a constant benzene concentration, the amount of light output
goes down as the biacetyl concentration increases beyond 0.1 mm partial
pressure. This is because process (7) competes with (4) and depletes
the amount of 3HPh available for (6) and (11).
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EVENT HISTORY OF BLOW-DOWN
Event Time
a. Main discharge valve opens 0
b. Biacetyl seed flow on a + 0.2 s
c. Benzene/air seed flow on a + 0.2 s
d. Tunnel door opens a + 1.0 s
e. Room light off a + 1.0 s
f. Probe drive powered a + 1.3 s
g. Strobe to A/D system f + 0.2 s
h. Flash tube fired a + 1.7 s
i. 750 ps gate to image intensifier h + 400 ps
j. Probe traverse and data acquisition completed g + 0.5 s
k. Main discharge valve off a + 2.25 s
1. Tunnel door closes a + 2.5 s
m. Room light back on a + 2.5 s
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SIGNALS FROM HOT WIRE NO. 3
Vert: 1 m/s per division
Horiz: Full trace = 9 cm traverse
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HOT WIRE SIGNALS FROM THE PM CONFIGURATION
Vert: 1 m/s per division
Horiz: Full trace = 9cm traverse
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OPTICS ARRANGEMENT - ILLUMINATED PLANE PARALLEL TO TUNNEL AXIS
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COMPARISON OF APPROXIMATE AND EXACT EIGENVALUES FOR THE
SOLID BODY ROTATION CASE
W= 5
R = 0.05
k = 50 m=0
h = 0.1
Exact Eigenvalues
(352. , 0.)
(148. , 0.)
Approximate Eigenvalues
(350.4, 0.)
(149.6, 0.)
(324.9, 0.)
(175.1, 0.)
(324.2, 0.)
(175.8, 0.)
(305.4, 0.)
(194.6, 0.)
(306.0, 0.)
(194.0, 0.)
(291.7, 0.)
(208.3, 0.)
(294.2, 0.)
(205.8, 0.)
(285.8, 0.)
(214.2, 0.)
(286.3, 0.)
(213.7, 0.)
*
The eigenvalues are represented as (fleal part, Imaginary part)
TABLE 6.1

82
TABLE 6.4
R (= W r /v) Value of m
where w. peaks
83 - 100
120 - 180
200 - 320
1
2
3
4
0o
340
(Adapted from Pedley 1969)
83
600-
INSTABILITY GROWTH RATES
400
3200 Fig 6.1
OM Configuration
0 10 20 30 40 50
m
600
r4040
3 Fig 6.2
200 PO Configuration
1
C 10 20 30 40 50
m
-400
200 Fig 6.3
PP Configuration
0 10 20 30 40 50
m
A k=1000 k=10
CONSTANT TEMPERATURE HOT WIRE ANEMOMETER
MODEL OF AMPLIFIER
E = E 1 - A(V 1-V 2 )
E = OUTPUT
E = OFFSET
A = GAIN
PERFORMANCE INDEX
R S
R2+R 
-
E
E
R E
2 + ( - )/AR2+Rg E)/
FIGURE Al
R2
R
E
R2.
t
Vi
I
Fw Rs
RW/RS
R 1/R 2
iz;*:/r
I 4A
1z,
oW~
I-2
PL.IU
SCHEMATIC OF HOT WIRE
ANEMOMETER
f/0s' 
7bIIXR
4I :264.
6u R. P,-,~g 9gp
+20
-'9
4-
F IGUR A2
FIGURE A2
3L u Ts
co
5.0
4.5
4.0
200 250 300 350 400
86
A
REDUCED PLOT OF HOT WIRE CALIBRATION
IN AIR, NITROGEN, AND ARGON
-A
v2
k=
-
450 500
p-1(m~ )1.
FIGURE A3
AIR
G NITROGEN
ARGON
LEAST
SQ. FIT
TO
.45
Cl)
0
E-4
C','
3.5 1
3.0
50
I I a i I i
TRIPLE WIRE PROBE CALIBRATION CURVES
4
00* UJ 5 m/s
0
>4 e 300 |UI 5 M/s
2 
-
00
2
rn 0
ou 4
2
00 40 60 80 100-100 -30 -60 -40 -20 0 $ 20 .06
FIGURE A4 (SEE FIG. A6 FOR LEGENDS)
TRIPLE WIRE PROBE CALIBRATION CURVES
- = 00 Jul= 9 M/S
I
0
-0
e 30* lUl 9 M/s
FIGURE A5 (SEE FIG. A6 FOR LEGENDS)
2
0
6
4
z
H-
Hn
>4
HC
2
-100 -80 -60 -40 -20
I I
40 60 80 10U20
TRIPLE WIRE PROBE CALIBRATION CURVES
0 45* Jul 9 m/s
-80 -60 -20 0c
PROJECTION OF WIRES
ONTO PLANE PERPEND
TO STEM
1
WIND DIRECTION
AT 0
3
20 40 60 80 100
-- LEAST SQ. FIT OF MODEL
ICULAR WIRE 1 DATA
J WIRE 2 DATA
g WIRE 3 DATA
2 MODEL GIVES q2 < 0
FIGURE A6
W
4
2
H-
r
-100 -40
03
No
U
.-- 7'
PROBE
STEM
I
90
Table Bi - The Various Processes of the Benzene-Biacetyl System
(i)ProcessM
111. HPh +hv+ HPh -
2. HPh + HPh - 2HPh
3. HPh + HPh + Hv
4. 'HPh + 3HPh
5. HPh + M HPh + M
6. 3HPh + B 3 B + HPh
7. HPh + B + B + HPh
8. B + M B + M
9. B + M - 1B + M
10. 1 + 3BI
11. 3B - B + hv
12. 3B + B
13. 1B+ B + hV
14. 'B+ B + M
15. 3BI B + M
Description
Excitation at 2537 A
Self quenching
HPh resonance fluore-
scence (iv)
Internal transfer
Foreign de-excitation
Collisional excitation
Collisional excitation
Foreign de-excitation
Foreign de-excitation
Internal transfer
Phosphorescence
Non-radiative decay
Fluorescence (iv)
Foreign de-excitation
Foreign de-excitation
k
17x10-3
1.6xc106
4.6x106
3x10"1
8. 2x10"
6.7x102
3.3x103
Notes
See text for symbols.
k in s~1 for first order processes and in ml/(molecule
sec) for second order processes.
2537 A radiation has no effect on biacetyl
This fluorescence is blue, filtered out by the optics.
(i)
(ii)
(iii)
(iv)
SIMPLIFIED PHOTO PROCESS: 2-3 BIACETYL - BENZENE SYSTEM
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EXPERIMENTAL DATA ON QUANTUM EFFICIENCY OF BENZENE BIACETYL SYSTEM
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